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Abstract: Generalized Phase Contrast (GPC) is an ecient
method for generating speckle-free contiguous optical dis-
tributions. It has been used in applications such as opti-
cal manipulation, microscopy, optical cryptography and
more contemporary biological applications such as two-
photon optogenetics or neurophotonics. Among its diverse
applications, simple ecient shapes for illumination or
excitation happen to have the biggest potential use be-
yond the research experiments. Hence, we preset recent
GPC developments geared towards these applications. We
start by presenting the theory needed for designing an op-
timized GPC light shaper (GPC LS). A compact GPC LS im-
plementation based on this design is then used to demon-
strate the GPC LS’s benets on typical applications where
lasers have to be shaped into a particular pattern. Both
simulations and experiments show ~80% eciency, ~3x
intensity gain and ~90% energy savings. As an applica-
tion example,we showhowcomputer generatedhologram
reconstruction can be up to three times brighter or how
the number of optical spots can be multiplied threefold
while maintaining the brightness. Finally, to demonstrate
its potential for biomedical multispectral applications, we
demonstrate ecient light shaping of a supercontinuum
laser over the visible wavelength range.
1 Introduction
The ability to shape light for both xed and programmable
shapes has many applications in both research and in-
dustry. With the widespread use of lasers that lend them-
selves to ecient reshaping due to their spatial coherence,
light’s versatility is further increased. Hence, laser beam
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shaping based onphoton ecient phase-onlymethods are
extensively applied in research such as optical trapping,
advanced microscopy or manipulation [1]. Light shaping
is also nding its use in novel and exciting applications
such as neurophotonics and two-photon optogenetics [2]
which apply optical tools to neuroscience, and “atomtron-
ics” [3], wherein optical potential distributions are used
to arrange atoms to form electronic circuit analogs. Out-
side the laboratory, ecient light shaping is also desirable
for applications such as laser machining, photolithogra-
phy and video displays to name a few. These diverse appli-
cations would require light to be shaped in dierent ways.
For example, the illuminated surfaces of spatial lightmod-
ulators (SLMs), used in both optics research and consumer
display projectors, have a rectangular form factor. A va-
riety of shapes bounded by steep edges are desirable in
laser cutting or engraving. In two-photon optogenetics re-
search [4], onewould like to selectively illuminate intricate
patterns of dendrites or axons within neurons, preferably
with minimal noise or speckles.
Despite the diverse shape demands, laser sources typ-
ically exhibit a Gaussian prole. Shaping a Gaussian beam
with the commonly practiced simple hard truncation, i.e.
amplitudemodulation, is inecient. For example, around
70% of the incident power can be lost when illuminating a
rectangle with an expanded Gaussian beam [5, 6]. To com-
plicate matters, this wasted power could contribute to de-
vice heating which can either shorten the device lifespan
or require even more power if active cooling is employed.
Besides the obvious disadvantages of ineciency, thehigh
price tag of advanced laser sources, such as pulsed or su-
percontinuum, used for multi-photon excitation, biopho-
tonics or other state-of-the-art experiments also demands
ecient use of available photons.
1.1 Photon ecient static light shaping
For static beamshaping, several solutions based onphase-
only methods exist for eciently transforming a Gaussian
beam into rectangular, circular or other simple patterns.
These include engineered diusers, microlens arrays or
homogenizers [7, 8], refractive mapping [9], diractive op-
tical elements (DOE) [10, 11] or phase plates [12, 13]. Engi-
neered diusers,microlens arrays andhomogenizerswork
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similarly by sampling an incident beam as a collection of
beamlets that are then redirected to form an output shape.
These approaches, however, aremore suitable for incoher-
ent light as the recombination of randomly phase shifted
beamlets in coherent light would create interference ef-
fects [14], resulting in speckled or grainy output intensi-
ties. Refractive mapping operates using a similar princi-
ple but redirects rays without introducing random phase
shifts, giving the transformed output beam a well-dened
wavefront. DOEs or single phase plates using Fourier op-
tics principles can directly transform a Gaussian to a sinc
or Airy disk-like distributionwhich, in turn, becomes a top
hat in the far eld or after an additional lens [12]. The qual-
ity of the transformed beam depends on how well the sinc
or Airy distribution is approximated, and is thus sensitive
to the input Gaussian which contributes convolution ef-
fects that blur the edges of the shaped output.
Figure 1: A GPC system eciently transforming an incident Gaus-
sian beam into a bright rectangle. Besides a standard imaging or
telescopic 4f setup formed by the two Fourier lenses, GPC uses a
simple binary phase mask at the input and phase contrast lter
at the Fourier plane. An amplitude masking conguration is also
shown to illustrate the signicant dierence in energy utilization
when producing the same shaped output. (Figure adapted from [15])
Our proposed light shaping technique, the General-
ized Phase Contrast method (GPC), belongs to a class
of non-absorbing common path interferometers [16]. A
phase-only aperture directly representing the desired out-
put intensity is imaged through the interference of its
high and phase-shifted low spatial frequencies. This is
achieved by phase shifting the lower spatial frequencies
through a phase contrast lter (PCF) at the Fourier plane
(Fig. 1). GPC could thus be implementedwith binary phase
plates that are far simpler than those used by other Gaus-
sian transformers as demonstrated in [17] with wet etched
Pyrex, and as we shall also show in our experimental
demonstrations. Binary phase plates are also easier to
mass-produce with standard foundry processes common
for silicon devices or microelectronics. When the phase
mask and PCF are designed to give the same phase shift,
both can even be fabricated from a single wafer. Unlike
DOEs, GPC uses the target shape to directly interface with
the incident Gaussian, instead of the target’s Fourier trans-
form. ThismakesGPC robust to input beamvariations. The
use of common path interferometry renders steep well-
dened edges in the shaped output. Furthermore, the tar-
get output shapes could easily be replaced without in-
creasing the fabrication complexity of the phase aperture
or PCF. GPC’s use of an imaging geometry also avoids dis-
persion eects which makes it advantageous for use with
multiple wavelengths [18, 19] or temporal focusing [2, 4]
which can eectively conne light along the axial direc-
tion.
1.2 Dynamic light shaping
Coupled with dynamic phase SLMs, the ecient genera-
tion of arbitrary light intensity patterns is also desirable.
Applications includemachine vision, optical trapping and
manipulation, and two-photon optogenetics. Depending
on the requirements, computer- holography (CGH) [20,
21] and GPC [22] are the main options for phase-only
beam shaping. Computer-generated holography usually
employs a focusing conguration, such that the output
is the Fourier transform of light modulated by the SLM.
This makes DH ideal for creating 2D or 3D spot arrays use-
ful for optical tweezing [23] or photo stimulation at dier-
ent planes [24]. A focusing geometry with a xed illumi-
nation, however, is inherently prevented from generating
contiguous light patterns desirable for some applications.
Extended intensity patterns formed by aggregating spots
with diering phase values and overlapping point spread
functions thus results in speckles that resemble noise [25].
The intensity uctuations in speckled extended intensity
patterns become a problem when they are enhanced by
two-photon excitation such as in direct laser writing [26]
or in two-photon optogenetics [4].
With its advantage of contiguous, speckle-free pat-
terns and computationally simple SLM encoding, GPC
therefore nds uses in dynamic applications such as op-
tical trapping and manipulation [1, 27, 28], and two-
photon optogenetics [2]. Unlike speckled or discontinu-
ous patterns, light distributions with contiguous inten-
sity and phase remain localized while propagating en-
abling extended optical manipulation [1, 27, 29, 30]. Pat-
terns formed by an imaging geometry are easily updated
in real time giving more control when manipulating com-
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plex 3D microstructures [1, 27] or allowing use in conjunc-
tionwith other high speed techniques. GPC’s usewith high
speed galvano scanningmirrors, for example, allows trap-
ping of massive arrays (14x14 microbeads) [28].
1.3 Replacing amplitude modulation
In practice, GPC generated light distributions resemble
that of simple amplitude modulation. Both are character-
ized by sharply outlined patterns with contiguous phase
and intensity. However, these techniques are opposites
when it comes to photon eciency. GPC’s photon e-
ciency is typically over ~80%. On the other hand, ampli-
tude modulation typically has a low eciency, directly
proportional to the encoded pattern’s ll factor and also
dependent on the modulating device (e.g. LCoS or DMD).
Traditionally, GPC is used to transform top hat illu-
mination into a plurality of intensity proles [31]. Obtain-
ing the initial top hat input, however, already removes a
large fraction of the incident light unless employing an-
other ecient beam shaping method like the ones men-
tioned earlier. Directly using Gaussian illumination for dy-
namic GPC applications is therefore an attractive alterna-
tive for economizing the available power in beam shaping
experiments.
To compare with amplitude modulation, we consider
GPC’s eciency and relative intensity gain. We also nd
it convenient to combine these two interdependent vari-
ables. Hence, we dene the energy savings as the energy
saved when replacing an amplitude masking system with
a GPC system that gives the same brightness. This deni-
tion is illustrated in Fig. 2 where both light shaping tech-
niques are used to deliver 84watts within a rectangular re-
gion. While an 84% GPC system would require 100 W and
lose 16 W, a 28% ecient hard truncated Gaussian would
require 300 W and lose 216 W. Hence, using a GPC system
saves 200 W or 93% of photon energy losses in a typical
amplitude masking approach.
Mathematically, we thus dene the energy savings as
E. savings =(
1− (100% − GPC e%)(GPCgain) × (100% − Ampmasking e%)
)
×100%.
(1)
We therefore use the energy savings as ametric to compare
GPC with amplitude masking in our experiments.
Figure 2: Comparison of GPC light shaping to a hard truncated
Gaussian delivering 84 W on identical rectangular areas. Being
only 28% ecient (a), the truncated Gaussian requires 300 W and
loses 216W (b). The GPC light shaper requires only 100 W, saving
200 W (c) (Figure adapted from [6]).
2 GPC optimization
2.1 Optimizing GPC for output contrast
Below we present mathematical analysis of the 4f GPC
setup depicted in Fig. 1. The eld at the input plane can
be described as
p(x, y) = a (x, y) exp [iϕ (x, y)] (2)
where a(x,y) is an amplitude prole that arises due to
the illumination beam and any limiting input aperture
while ϕ (x, y) is the encoded phase modulation. The op-
tical Fourier transform on the phase-encoded input light
would then be located at the lter plane where the phase
shifting PCF is applied. The transfer function of such PCF
with a circular θ-phase shifting region has the form,
H(fx , fy) = 1 + [exp (iθ) − 1] circ (fr/∆fr) (3)
where fx, fy and fr are the abscissa, ordinate and radial
spatial frequency coordinates, respectively. The associa-
tive groupings in Eqn. (3) are chosen to explicitly model
how the lter generates a synthetic reference wave (SRW).
The rst term in the lter simply transmits all the Fourier
components and, hence, projects an inverted copy of the
input at the output plane. The second term is a lowpass l-
ter whose cuto frequency, ∆fr, is the radius of the PCF’s
phase shifting region. At the output plane, the low-pass-
ltered image of the input phase variations, scaled by a
multiplicative complex factor, [exp(iθ)−1], serves as a ref-
erence wave. Thus the synthesized intensity pattern at the
output plane is formed from the interference of an inverted
copy of the original input with its low passed version act-
ing as the SRW
I
(
x′, y′
)
≈
∣∣∣o(x′, y′)∣∣∣2 = ∣∣∣a (x′, y′) exp [iϕ (x′, y′)]
+ [exp (iθ) − 1] αg
(
x′, y′
)∣∣∣2 .
(4)
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Here, we have used an approximation for the SRW,
[exp (iθ) − 1] αg
(
x′, y′
)
[5], where the spatial prole
g
(
x′, y′
)
is the low passed version of the unmodulated in-
put light
g(x′, y′) = =−1 {circ (fr/∆fr)={a(x, y)}} (5)
scaled by the strength of the normalized zeroth order, α,
that would take input phase modulations into account
α = |α| exp(iϕα)
=
∫ ∫
a(x, y) exp[iϕ(x, y)]dxdy
/∫ ∫
a(x, y)dxdy
(6)
On the optical axis, optimal contrast in the interferogram
is thus obtained when the two terms in Eqn. (4) have
matching amplitudes [5], which is satised when
2g (0, 0) |α|
∣∣sin (θ/2)∣∣ = 1. (7)
2.2 GPC with Gaussian illumination
To proceed with our analysis we set the illumination to
follow a radially symmetric Gaussian prole with a 1/e2
waist, w0
a(r) = exp
(
−r2
/
w20
)
. (8)
To simplify our analysis, we would, for now, assume that
the phase mask is circular. We also assume that both the
input phase mask pattern and PCF impart pi-phase shifts
on the transmitted light. When evaluating Eqn. (5), we
note that g(r′) is a Fourier transform of a truncated Gaus-
sian. Evaluating this Fourier transform is not straightfor-
ward, thus dierent approximations have been presented
in the literature [32]. Nonetheless, the central value can be
obtained analytically
g
(
r′ = 0
)
= =−1
{
circ (fr/∆fr) piw20 exp(−f 2r /w2f )
}
= 1 − exp(−η2). (9)
Here, we have dened η as the ratio of the PCF phase shift-
ing radius, ∆rf , to the Gaussian waist at the Fourier plane,
wf , when the wavelength is λ and the focal length is f .
η = ∆rf
/
wf = ∆rf piw0
/
(λf ) (10)
For a pi-phase shifting circular phase mask with radius ∆r,
the modulated input could be expressed as
a (r) exp [iϕ (r)] = exp
(
−r2
/
w20
) [
1 − 2circ
(
r/∆r
)]
.
(11)
Since this also involves a truncated Gaussian, the evalua-
tion of α is similar to g(r’=0)
α = 2 exp(−ζ 2) − 1 (12)
wherewe dened the dimensionless ζ as the ratio between
the phase mask radius and input Gaussian waist,
ζ = ∆r/w0. (13)
On the optical axis, optimal contrast in the interferogram
is thus obtained when the two terms in Eqn. (4) have
matching amplitudes [5]. Hence, we can express Eqn. (7)
using Eqn. (9) and (12) giving the condition for optimal
contrast [
2 exp(−ζ 2) − 1
] [
1 − exp(−η2)
]
= 1/2. (14)
Although this derivation is for a circular phase mask, ex-
tending to any shape is amatter of nding the correspond-
ing α. This can also be analytically derived for rectangular
phasemasks aswewould later show, but inmany cases in-
volving arbitrary geometries, α would have to be obtained
via numeric integration.
2.3 Optimizing GPC for photon eciency
For a beam shaping system, eciency (e) is measured as
the energy within the target output shape, S, divided by
the overall incident energy,
GPC e =
∫∫
S
I (x, y) dxdy
/∫∫
a2 (x, y) dxdy. (15)
Since the exact analytic form of the intensity is not readily
available, we take a dierent approach where we look for
phase mask and PCF congurations correlated with what
is numerically found to be themost ecient (Fig. 3(a)). We
nd that eciency is maximized when the rst zero cross-
ing of the Fourier transform coincides with the PCF ra-
dius, ∆fr. Conceptually, this could be understood by work-
ing backwards, starting with the desired output shape of
a GPC system. The region from the lter plane to the out-
put plane can be treated as a 2f focusing geometry like
in Fourier holography. Hence, if a circular output is de-
sired, this means, that the lter plane should look like an
Airy disk-like function (green plot in Fig. 3(b)). When we
now consider GPC’s input plane, light outside of the de-
sired shape, i.e. the peripheral Gaussian envelope, would
perturb the central part of the desired Airy-like distribu-
tion at the lter plane. These low frequency perturbations
reemerge at the output as light outside the desired shape.
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With an idea of how the Fourier distribution should look
like, we thus adopt an optimizationmethod similar to how
CGH applies phase constraints to get a desired Fourier
transform output [33], or how matched ltering GPC uses
concentric rings to emulate plane wave focusing and, con-
sequently, output focal spots [34]. For the circular pattern,
the deviations from the ideal Airy-like function are mini-
mizedwhen the PCF’s radius coincideswith the zero cross-
ing at the central region at the Fourier plane. Applying a
pi-phase shift within this region inverts the sign of the low
frequencies, making the Fourier distribution more similar
to the desired Airy-like function.
Figure 3: (a) Color contour plot of numerically obtained eciency as
a function of (ζ , η). The black crosses mark the highest eciency
for a given ζ . The blue plot corresponds to our condition for the
PCF radius to coincide with the rst zero crossing of the Fourier
transform. (b) The Fourier transform of the phase-only aperture (red
plot) can be approximated with a displaced Gaussian (blue plot)
near the PCF phase shifting region. The inverse Fourier transform of
the ideal output (green plot) is also shown for reference. (The x and
y axes are normalized to wf and piw20 respectively.) (Figure adapted
from [6]).
To obtain a simplied analytic expression for this e-
ciency condition, we assume that the Airy disk function
has a negligible curvature within the phase shifting re-
gion, fr ≤ ∆fr . At this region, the Fourier transform of
Eqn. (11) is approximately
=
{
exp
(
−r2
/
w20
) [
1 − 2circ
(
r/∆r
)]}
≈ piw20
{
exp
(
−f 2r /w2f
)
− 2
[
1 − exp
(
−ζ 2
)]}
(16)
This is illustrated in Fig. 3(b), where the displaced Gaus-
sian (blue plot), approximates the Fourier transform (red
plot) at low frequencies. To make the PCF radius coincide
with the rst zero crossing, we thus impose
exp
(
−η2
)
− 2
[
1 − exp
(
−ζ 2
)]
= 0. (17)
2.4 Optimizing contrast and eciency
Solving for ζ and η from Eqn. (14) and (17) gives us the op-
timal parameters for a circular phase mask
ζ =
√√√√ln[ 2
1 +
√
1/2
]
= 0.3979, (18)
η =
√
− ln
{
2
[
1 − exp
(
−ζ 2
)]}
= 1.1081. (19)
Numerically evaluating the GPC output from this ζ -η pair
gives an eciency of ~84%and a gain of ~3x relative to the
input Gaussian’s central intensity (see Table 1). To general-
ize to arbitrary shapes Eqn. (18) and (19) can be expressed
in terms of α instead of ζ , giving
α =
√
1/2 = 0.7071, (20)
η =
√
−ln
(
1 −
√
1/2
)
= 1.1081. (21)
These two equations summarize the conditions for an op-
timally performing GPC system under Gaussian illumina-
tion. The phase mask’s geometry is embodied in α, which
can be tweaked in dierent ways such that Eqn. (20) is sat-
ised. The xed value for η in Eqn. (21) means that a re-
congurable GPC systemwith a xed PCFwill still perform
optimally with dierent phase masks satisfying Eqn. (20).
The succeeding sections use these two equations to op-
timize Gaussian GPC with rectangular and arbitrary pat-
terns.
2.5 Extending to rectangular apertures
Gaussian illumination encoded with a pi-phase shifting
rectangle with dimensions W×H can be expressed as (cf.
Eqn. (11))
a (x, y) exp [iϕ (x, y)]
= exp
[
−
(
x2 + y2
)/
w20
]
[1 − 2rect (x/W) rect (y/H)] .
(22)
To optimize a GPC system using rectangular phase aper-
tures, we rst identify α. Using Eqn. (22) to evaluate
Eqn. (6)
α =
piw20 − 2piw20erf
(
W/2
w0
)
erf
(
H/2
w0
)
piw20
= 1 − 2erf(ζRecterf(ζRect/AR)). (23)
Here we dened the aspect ratio, AR = W/H and ζRect for
rectangular phase apertures as half the width divided by
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the inputGaussianwaist, ζRect = W/2w0. There is nodirect
way for solving ζRect to get α using Eqn. (23), except for a
square, AR = 1, which gives
ζRect = erf−1
√1 −√1/2
2
 = 0.3533. (24)
For other aspect ratios, ζRect can be found numerically or
by graphically looking for the intersection of the plots of
the following equations obtained by modifying Eqns. (14)
and (17) with the α for rectangles.[
1 − exp
(
−η2
)]
[1 − 2erf (ζRect) erf (ζRect/AR)] = 1/2,
(25)
exp
(
−η2
)
− 2erf (ζRect) erf (ζRect/AR) = 0. (26)
Figure 4 shows the plots of Eqn. (25) in solid lines and
Eqn. (26) in dashed lines.AR is chosen fromcommonvideo
display aspect ratios. The plot is zoomed at the intersec-
tions which occur at η = 1.1081. The numeric values of
ζRect at these intersections are listed in Table 1 (to 4 dec-
imal places).
Figure 4: Optimal ζRect for rectangular phase masks with dierent
aspect ratios are found where the solid (Eqn. 25) and dashed lines
(Eqn. 26) with the same color intersect, or where either of these
lines intersect with η = 1.1081 (Figure adapted from [6]).
3 Numerical experiments
3.1 Circular and rectangular phase
apertures
Numerical calculations for a circle and dierent rectangu-
lar aspect ratios are summarized in Table 1. These results
were obtained using an 8192×8192 sample FFT with w0 =
240.7957 samples such that ∆fris an integer value, ηwf =
12 samples. GPC eciency is dened as in Eqn. (15) and the
gain is dened as the central intensity at the output (input
central intensity is unity). Since discretization errors pre-
vent ζ or ζRect from being represented accurately, we also
list their eective values when integer rectangle sizes are
used.
Figures 5(a)-(c) shows GPC output for a circle, square
and a rectanglewith 16:10 aspect ratio using optimized pa-
rameters listed in Table 1. The corresponding eciencies,
gain and energy savings are also shown for each shape.
The corresponding line scans are shown in Figures 5(d)-
(e).
Figure 5: GPC intensity outputs for circle (a), square (b), rectangle
(c). The scale bar in (b) is twice the 1/e2 Gaussian waist, and tick
marks in (a)-(c) are separated by half the Gaussian waist. Ecien-
cies, gain and energy savings are also shown, and are consistently
~84%, ~3x and ~93% respectively. The corresponding intensity line
scans are shown in (d)-(f). The x-axis is normalized to w0 (Figure
adapted from [6]).
3.2 Arbitrary intensity patterns
3.2.1 Optimally scaled arbitrary patterns
Gaussian-illuminated GPC need not be constrained with
patterns that can be dealt with analytically. In fact, it
works best with arbitrary patterns that have high spatial
frequencies, thus diverting light from the Fourier zero or-
der, and reinforcing the validity of the Eqn. (20) and (21).
Instead of analytically convenient circle or rectangle func-
tions, we consider an arbitrary binary bitmap image, b(x,
y), having values 0 and 1, as our aperture. Assuming the
binary image is mapped to 0 and pi phase shifts on an in-
cident Gaussian, we can numerically evaluate α and scale
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Table 1: Eciency, intensity gain and energy savings of GPC shaped light compared with a hard truncated or amplitude masked Gaussian
for a circle and dierent rectangles.
Shape or aspect ratio ζor ζRect Eective ζor ζRect GPC e (%) GPC gain Amp masking e (%) E. savings (%)
Circle 0.3979 0.3987 84.23 2.9751 27.20 92.72
Square 0.3533 0.3530 84.16 2.9884 27.02 92.74
5:4 0.3954 0.3945 84.11 2.9967 26.91 92.74
4:3 0.4087 0.4070 83.57 3.0060 26.71 92.54
16:10 0.4491 0.4485 83.61 3.0017 26.70 92.55
5:3 0.4587 0.4568 84.03 3.0155 26.61 92.78
16:9 0.4745 0.4734 84.05 3.0162 26.58 92.80
b(x, y) such that
α = 1−2
{∫ ∫
b(x, y) exp[−(x2 + y2)
/
w20]
}/
piw20 =
√
1/2.
(27)
In our simulations we rst start with a large bitmap and
optimize w0 which is easier to change. Once Eqn. (27) is
satised, we revert to the original w0 and then scale the
image preserving its optimal proportion with w0. Results
for various optimized patterns are shown in Fig. 6.
Figure 6: Intensity proles of various arbitrary shapes scaled to sat-
isfy Eqn. (21). Corresponding eciencies, gain and energy savings
are also shown, and are consistently ~84%, ~3x and ~93% respec-
tively (Figure adapted from [6]).
3.2.2 Dynamic and arbitrarily sized excitation patterns
In dynamic experiments, scaling the light pattern is of-
ten not an option. Such restriction usually applies when
light has to interact with manipulated objects or biologi-
cal samples. Nonetheless, it is possible to keep α optimal
by addressing an additional outer phase ring such that
Eqn. (20) or (27) is still satised. This is similar to what is
done in [2] for top hat illuminated GPC. Hence, given an
arbitrary bitmap, b, the inner radius of the compensating
ring could be found,
Rcomp = w0 ×
(
− ln
[(
1/2 −
√
1/8
)
−
{∫∫
b (x, y) exp
[
−
(
x2 + y2
)/
w20
]
dxdy
}/
piw20
])1/2
.
(28)
Results for ring compensated neuron shaped patterns are
shown in Fig. 7. Figures 7(d)-(f) show the possibility to
optimally illuminate a cell that is branching out. We ob-
serve that the gain tends to be higher with a less eciency-
optimized GPC setup. This counteracting behavior of in-
tensity gain and photon eciency helps to keep the energy
savings at around ~85-93%.
Figure 7: (a)-(c) Intensity proles of various neuron-inspired shapes,
directly drawn without scaling, but α-compensated by an outer
phase ring. (d)-(f) Intensity prole for a pattern that is branching
out. Whereas the eciencies and intensity gains are highly pat-
tern dependent, the energy savings stays at around ~90% (Figure
adapted from [6]).
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3.3 Tolerances of some critical parameters
The numerical simulations presented did not consider ex-
perimental variables such as alignment, dirt, nonlinear-
ities and other variations. Such variations, however, are
always present in an actual experiment. There are ar-
guably countless parameters to consider in a real setup,
but among them, the PCF is the one with little room for er-
ror. The size of both the PCF and the Fourier focal spot are
typically in the micron range. Misaligning these two be-
yond a certain extent eectively reverts a GPC phase imag-
ing system to a normal 4f telescopic setup. Away from the
zero order, the PCF phase shifts a smaller fraction of the
light distribution that is not enough to form an eective
SRW. We consider here the tolerances of some parameters
that will be crucial in our experiments and current fabrica-
tion process, namely, the PCF’s displacement and the ef-
fective phase shift of the phase mask and PCF.
3.3.1 PCF displacements
We numerically simulate typical PCF misalignment situa-
tions, i.e. axial displacements along the optical axis, and
lateral displacements along the Fourier plane, assuming
a compact GPC light shaper (GPC LS) designed for λ =
750 nm, 2w0 = 1 mm, and with f = 50 mm Fourier lenses.
The input phase mask shapes considered are a circle, a
square and a rectangle with 4:3 aspect ratio. Eciencies
and energy savings are evaluated at dierent displace-
ments (Fig. 8). To anticipate other experimental parame-
ters, the displacements are also expressed relative to the
PCF size or focal length.
Figure 8: Tolerance of the PCF’s positioning. The eciency (solid
lines) and energy savings (broken lines) are evaluated at dierent
axial (a) and lateral (b) displacements (Figure adapted from [15]).
Along the axial direction, the eciency stays at above
80% if the PCF does not go beyond ~2% of the focal length
(~1.2 mm). Energy savings is slightly more robust allow-
ing about ~2.5 mm axial displacement before the 80% cut-
o. Lateral displacements are more sensitive owing to the
size of the PCF. For the GPC LS considered (PCF radius =
26.5 µm), PCF displacements can go up to ~5 and ~12 mi-
crons before the eciency and energy savings respectively
go below 80%.
3.3.2 Phase mask and PCF phase shift variations
Wealso consider the eect of errors in thephase shift of the
input phase mask and PCF that may arise e.g., due to etch
rate-dependent fabrication process, such as in wet etch-
ing, where some deviations are to be expected. The eval-
uated eciency and energy savings for dierent shapes
showed very subtle dierences sowe only show the results
for a 4:3 rectangular phase mask (Fig. 9).
Figure 9: Contour plots showing the eciency (a) and energy sav-
ings (b) of a GPC LS using a 4:3 rectangular phase mask. A black
contour line is drawn around the region for which eciency or en-
ergy savings are at least 80% (Figure adapted from [15]).
The diagonal region of favorable eciency and energy
savings shows that phase errors will have lower impact
when both phasemask and PCF have the same phase shift
(a similar result has also been derived for plane-wave il-
luminated GPC [35]). Hence, we can minimize deviations
from optimal GPC performance by simultaneously etching
the phase mask and PCF on the same wafer. The 80% cut-
o regions bounded by the black contour lines in Fig. 10
show that phase shift variations of up to ~20% are tolera-
ble for eciency and up to 50% tolerance for energy sav-
ings.
4 Light shaping experiments
To verify our theoretical formulations and numerical sim-
ulations, we now demonstrate compact implementations
of GPC for creating practical illumination shapes. Practi-
cal issues such as calibration of the PCF’s axial position
shall also be discussed. Using a dynamic spatial lightmod-
ulator, we also show simple and ecient beam shaping of
recongurable shapes geared towards materials process-
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ing, biophotonics research and other contemporary ap-
plications. Our demonstrations are designed for specic
wavelengths and input beam size thus using an optimized
phasemask and PCF. Implementations that allowmore in-
put freedom, however, have also been demonstrated re-
cently [36, 37] and were achieved with an adaptive PCF.
Our light shaping experiments give ~80% eciency, ~3x
intensity gain, and~90%energy savingswhich are in good
agreement with the theoretical estimations. With such re-
sults, a GPC LS can be useful for industrial or commercial
applications [15].
4.1 Calibration using a darkness phase
mask
Experimental calibration and alignment are usually
guided by some output metric. Normally, GPC is cong-
ured to have constructive interference at the foreground.
However, measuring the optimal brightness requires set-
ting a reference. By changing the foreground’s ll factor
relative to the Gaussian illumination, GPC can also gener-
ate darkness at the output via destructive interference. For
a pi-phase shifting circle phase mask, we found numeri-
cally that darkness is generated when the phase mask ra-
dius is ~1.02 times the Gaussian 1/e2 radius. It also works
with a truncating iris, which generates darkness at an
aperture radius of about ~0.83w0. Although a truncating
iris has the advantage of beingwavelength independent, it
ismuch easier toworkwith a transparent phase-only dark-
ness mask as peripheral light guides proper alignment.
Furthermore, a phase mask can be fabricated on the same
wafer with the other input phase masks and PCFs, mak-
ing it economical. For dynamic experiments, this means
that the SLM can be used directly for calibration with-
out adding extra components. Figure 10(a)-(b) shows GPC
simulations using a darkness phase mask. Successfully
reproducing this experimentally, as shown in Fig. 10(c)
indicates that the components have been properly aligned
and calibrated. Hence, the succeeding GPC experiments
presented here used this calibration technique to precisely
adjust the PCF’s position.
4.2 Static light shaping experiments
4.2.1 Construction of a pen sized GPC LS
For our static beam shaping experiments, we designed
and constructed a GPC LS that interfaces directly with the
output of laser sources. Commercial lasers typically have
Figure 10: Relative intensity of a GPC generated darkness compared
to the input Gaussian (a). Intensity proles obtained from a simula-
tion (b) and from experiment (c) (Figure adapted from [15]).
beam diameters of around ~1mm to ~5mm. Using two f =
50 mm Fourier lenses allowed us to keep the setup com-
pact. This also kept the PCF at a size that is still man-
ageable with wet etching and o-the-shelf optics assem-
bly. The GPC LS assembled with Thorlabs’s half-inch op-
tics and 16mm cage system is shown in Fig. 11. Its overall
length is a little over 3f = 150 mm, which is around the
size of a pen. For more compact implementations, such as
for OEM use, integrated micro-optics platforms [38] or al-
ternative fabrication and assembly techniques can also be
adopted.
Figure 11: Pen sized GPC LS using two f =50 mm Fourier lenses and
half inch optics assembly. (Figure adapted from [15]).
We designed the phase mask and PCF for use with
2w0 = 1 mm, λ = 750 nm and f = 50 mm. The material used
is fused silica (n = 1.454 at λ =750 nm). The PCF radius is
calculated using Eqns. (10) and (21), hence,
∆rf = η
λf
piw0
= 1.1081 × 0.75µm × 50mmpi × 0.5mm = 26.5µm
(29)
The etch depth was determined such that it gives a half-
wavelength optical path dierence relative to the un-
etched surroundings and can be foundusing the following
equation:
etch depth = (λ/2)
/
(n − 1). (30)
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Hence we used an etch depth of ~826 nm. Conventional
UV-lithography followed by wet etching in a buered HF
(BHF) was used to form the patterns
For a circle or for rectangles, the phase mask size rel-
ative to the Gaussian beam diameter can be obtained from
the tabulated ζ or ζRect values in Table 1. As an example,
a rectangular phase mask with aspect ratio 4:3, the width
has to be 0.4087 (ζRect) times the beam diameter.
W = ζRect × (2w0) = 0.4087 × 1mm = 408.7µm (31)
From a four inch wafer, the phase masks and PCFs are
diced such that they can be tted into half-inch optics
mounts. The size of the circular and square phase masks
are obtained in a similar manner. The ζ or ζRect for the
phase masks used are included on Table 2, together with
the summary of experimental results. During assembly,we
utilized the phase-only darkness calibration masks to ne
tune the axial placement of the PCF. Thesemaskswere fab-
ricated with a radius of 510 µm.
4.2.2 Static light shaping results
For our laser source, we used a supercontinuum laser from
NKT Photonics that has a 1mm beam diameter. This en-
ables us to conveniently test dierent wavelengths by in-
serting a color lter, instead of replacing the entire laser. In
our measurements, we used a 750 nm bandpass lter from
Thorlabs with a bandwidth of 10 nm. This laser source is
directed to the GPC LS using some relay mirrors that also
provided beam alignment. Output from the GPC LS ismag-
nied (2x) then captured by a beam proler (Gentec-EO).
Dierent GPC output shapes were tested on the same
GPC LS by interchanging the input phase masks. To rule
out reection losses, we used a reference Gaussian that is
obtained when the PCF is misaligned and the phase mask
is removed. The eciency, gain and energy savings results
are summarized in Table 2.
Figures 12 (a)-(c) show GPC outputs for a circle, a
square and a rectangle with 4:3 aspect ratio using opti-
mized parameters listed in Table 1. The corresponding e-
ciencies, gain and energy savings are also shown for each
shape and are consistently around ~80%, ~3x and ~90%
respectively. The corresponding line scans are shown in
Figs. 12 (d)-(e). Two output measurements were taken (red
and green plots) andmeasured against the referenceGaus-
sian (blue plot). A Gaussian t (magenta) is used to nor-
malize the axes in Fig. 12. There is an observable intensity
roll o in the GPC output, but this is atter than what can
be attained from a hard truncated Gaussian [5]. If a atter
Figure 12: GPC intensity outputs from experiments for a circle (a),
a square (b), and a 4:3 rectangle (c) phase mask. The scale bar in
(b) is twice the 1/e2 Gaussian waist, and tick marks in (a)-(c) are
separated by half the Gaussian waist. Eciencies, gain and energy
savings are also shown, and are consistently around ~80%, ~3x
and ~90% respectively. The corresponding GPC intensity line scans
are shown as green and red traces in (d)-(f) together with intensity
line scans when simply imaging the Gaussian beam (blue). The axes
are normalized relative to the Gaussian t (magenta) and tick marks
are spaced w0/2 (0.25mm) apart (Figure adapted from [15]).
intensity is critical, a phase mask with an intensity com-
pensating curvature [39] may be used with the GPC LS.
4.3 Arbitrary patterns formed with a
dynamic phase-only spatial light
modulator
We now show how GPC is applied for dynamic light shap-
ing of speckle-free contiguous patterns. The setup used for
generating arbitraryGPCoutput shapes is shown inFig. 13.
We used a phase-only SLM (Hamamatsu Photonics)
that has an area of 16×12 mm2 and pixel pitch of 20 mi-
crons. The SLM was illuminated with a 532 nm diode laser
module (Odicforce), horizontally polarized and expanded
such that 2w0 = 4 mm (200 SLM pixels). The Fourier lens
used has a focal length of 100mm. Here, we used a PCF
with ∆rf = 9.4 µmwhich is relatively small due to the larger
area of the SLM. The etch depthwas ~577 nm in fused silica
(n = 1.46 at λ =532 nm). When a compact footprint is not
crucial, longer focal lengths can be used to minimize the
focused light-intensity at the PCF. The resulting dynamic
patterns are captured with a CCD camera (JAI TM-1327GE).
4.3.1 Optimally scaled arbitrary patterns
Binary bitmap images, b(x, y), were displayed on the SLM
and mapped to 0 and pi phase shifts. These images were
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Table 2: Experimentally measured eciency, intensity gain and energy savings of GPC shaped light compared with a hard truncated or
amplitude masked Gaussian for a circle and dierent rectangles.
Shape ζor ζRect Width GPC e (%) GPC gain Amp masking e (%) E. savings (%)
or aspect ratio or Diameter (µm)
Circle 0.3979 397.9 81.28 2.89 28.15 90.98
Square 0.3533 353.3 76.34 2.73 27.97 87.96
4:3 0.4087 408.7 82.41 2.91 28.31 91.57
Figure 13: GPC LS setup with Gaussian illumination on a dynamic
spatial light modulator (SLM). The SLM is illuminated with horizon-
tally polarized Gaussian beam (2w0 = 4 mm). The phase-modulated
beam enters the GPC system (f = 100mm and f = 150 mm Fourier
lenses) whose output is imaged onto a CCD camera (Figure adapted
from [15]).
pre-scaled according to Eqn. (27) to optimize the eciency.
GPC results for various optimized images are shown in
Fig. 14 together with the unmodulated Gaussian for com-
parison (Fig. 14(a)).
4.3.2 Dynamic and arbitrarily sized excitation patterns
We now show projection of arbitrary patterns where scal-
ing of the light pattern is not an option, like in biologi-
cal or optical manipulation experiments. Here α is kept at
its optimal value by addressing an additional outer phase
ring whose radius is given in Eqn. (28). The intensity be-
yond this radius is considerably lower than that in the uti-
lized region due to the Gaussian roll-o. Results for the
ring-compensated neuron-shaped patterns are shown in
Fig. 15. Figures 15(d)-(f) show the possibility to optimally
illuminate a brain cell that is branching out.
Figure 14: GPC generated arbitrary patterns obtained from exper-
iments. The patterns are optimally scaled and then drawn on a
phase-only SLM. A GPC LS after the SLM maps the phase patterns
into intensity (Figure adapted from [15]).
Figure 15: (a)-(c) Experimental results showing GPC generated in-
tensity proles of various neuron-inspired shapes, directly drawn
on an SLM without scaling, but α-compensated by an outer phase
ring. (d)-(f) Snapshots from a pattern that is branching out (Figure
adapted from [15]).
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4.3.3 Ecient illumination of spatial light modulators
A practical application of the GPC light shaper is the ef-
cient illumination of optical devices such as SLMs [40]
by properly matching the rectangular active region. To
demonstrate this, the output from a GPC light shaper with
a 4:3 rectangular phasemask is used to illuminate a phase-
only SLM with a 9.9 mm ×7.5 mm active area (Hamamatsu
Photonics). The benets from matched illumination are
then demonstrated by encoding computer generated holo-
grams on the SLM for reconstruction with a standard 2f
Fourier transform conguration.
The GPC light shaper used is similar to that used in
static experiments in Section 4.2 but having phase mask
and PCF designed for 532 nm illumination. The GPC gen-
erated 4:3 rectangle was then expanded to match the SLM
area. For reference, the GPC LS is disabled by displacing
the phase contrast lter (PCF) to generate a Gaussian that
is then hard-truncated. This procedure ensures that the in-
put beamwill inherently encounter the samepotential per-
turbations along the optical beam path to the SLM and on-
wards. The laser power for both GPC-enhanced and hard
truncated illumination cases are kept at the same level.
The reconstructed intensity proles are then captured by
a CCD camera.
Figure 16: Holographic reconstructions with SLM illumination based
on a GPC light shaper (left) and a hard truncated Gaussian (right).
Both cases exhibit identical speckle distributions but there is a no-
ticeable gain in intensity for the GPC-enhanced case. Color map-
pings are adjusted to improve overall contrast (Figure adapted
from [40]).
The GPC illuminated hologram on the top row in
Fig. 16 shows noticeably much brighter reconstructions
with better contrast compared to the bottom row where
conventional illumination is used. It is important to note
that the aside from brightness and overall eciency the
reconstructed intensities are practically identical for both
illumination cases. This means that the same experiments
could be done with a 1/3 less powerful laser.
4.4 Summary of single wavelength light
shaping experiments
We have experimentally demonstrated a GPC light shaper
with Gaussian beams using dierent phase mask patterns
and ltering-congurations designed to give optimal con-
trast and eciency for a wide variety of user desired
output beam shapes. Results obtained from our analysis
simplify the task of implementing GPC light shaping for
Gaussian illumination. We demonstrate these with circle,
square and rectangle static phase masks and with more
complex arbitrary and real-time dynamic shapes using a
SLM. Our demonstrations show that a GPC LS could be re-
used with a xed PCF in tandem with a variety of inter-
changeable phase masks and still maintain desired e-
ciency and gain levels. Experiments show around ~80%
eciency, ~3x intensity gain and ~90% energy savings
compared to the commonly implemented hard-truncated
expanded Gaussian. The energy saved by using GPC LS
makes it attractive for many applications wherein light
is best utilized in a particular shape, e.g. rectangles for
SLMor display illumination, circles for lasermaterials pro-
cessing or even intricate biological patterns found in neu-
rophotonics research.
5 Shaping supercontinuum lasers
5.1 Multi-wavelength light shaping
Many important applications of the interaction of light
with matter strongly depend on the illumination wave-
length. Hence, for such studies, a laser source contain-
ing multiple wavelengths is much more versatile than
normal monochromatic lasers. Tabletop supercontinuum
light sources have thus been used in a plurality of ap-
plications that include optical coherence tomography,
spectroscopy, optical characterization or sensing, imaging
and microscopy, neuroscience and neurophotonics, and
metrology among many others.
Multi-wavelength techniques are invaluable in spec-
troscopy [41] and provide benecial enhancements in
interferometry [42], both well-established elds whose
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signicance cannot be overemphasized. Exploiting the
wavelength-dependent material response also allows for
controlled photo-excitation, targeted monitoring [43], and
even simultaneous excitation and monitoring in pump-
probe geometries [44].
Light shaping, on the other hand, increases the diver-
sity of such applications by adding spatial control or se-
lectivity to such light-matter interactions. For example, in
two-photon optogenetics research [4], one would like to
selectively illuminate intricate patterns of dendrites or ax-
onswithin neurons [2]. As laser sources typically have lim-
ited spatialmodepatterns,many light shaping approaches
have been studied to address dierent demands such as ef-
ciency, speed, beam quality or economy concerns. Pho-
ton eciency becomes even more important as the high
price tag of state-of-the-art laser sources demands an ef-
cient way of managing their available photons. With su-
percontinuum laser sources, it also becomes important to
shape light with consistent output dimensions and e-
ciency across dierent wavelengths.
We have previously shown theoretically and numer-
ically that GPC shows robustness to shift in wavelength
and can maintain both projection length scale and high
eciency over a range [0.75λ0;1.5λ0] with λ0 as the char-
acteristic design wavelength [18]. With this performance
across multiple wavelengths and the recent availability of
tabletop supercontinuum lasers, GPC light shaping opens
the possibility for creatively incorporating various multi-
wavelength approaches into spatially shaped excitations
that can enable new broad-band light applications. Us-
ing a supercontinuum laser, we therefore present experi-
ments showingGPC light shaping over a broadwavelength
range [19].
5.2 Supercontinuum shaping experiments
5.2.1 PCF and phase mask preparation
The light shaper used is similar to the static GPC-LS in Sec-
tion 4.2. We chose a design wavelength of 532 nm which
is at the center of the visible part of the supercontinuum
source. The beam diameter and focal length considered
are 1mm and 50 mm, respectively. The phase mask was
based on a bitmap image of a globe and is scaled with re-
spect to the input beamdiameter such that Eqn. (20) is sat-
ised.
5.2.2 Optical setup
The setup used for the light shaping with various wave-
lengths is schematically shown in Fig. 17.
Figure 17: GPC light shaper setup with multi-wavelength illumina-
tion. The GPC light shaper (GPC LS) is illuminated with Gaussian
beam and with 2w0 = 1 mm. The light is passed through a GPC sys-
tem and then imaged onto a CCD camera or a beam proler (BP)
(Figure adapted from [19]).
The supercontinuum laser (NKT Photonics SuperK)
has a 1mmbeam diameter. The supercontinuum light goes
through a wavelength selector (NKT Photonics SuperK Se-
lect) to select the desired wavelength. Output from the
wavelength selector was collimated using a ber deliv-
ery system (NKT Photonics SuperK Connect). It should
be mentioned that the ber output beam diameter was
slightly wavelength dependent. The beam diameter was
close to 1mmat 532 nmand increaseswith thewavelength.
The FWHM of the ltered beam was 1.5 – 4 nm depending
on the wavelength. The light was then directed to the GPC
LS using relay mirrors that also provided beam alignment.
Output from the GPC Light Shaper wasmagnied (2x) then
guided either to a beam proler (Gentec-EO Beamage 3.0)
or to a color CCD.
5.2.3 Results
The eciencies and energy savings and observable out-
put contrast across dierent wavelengths were within ac-
ceptable experimental variations, indicating the tolerance
of the GPC LS. As noted, however, the output beam size
was wavelength-dependent and slightly diers from 1 mm
whichwas used in theGPC LS design. This inuencesmea-
surements making eciencies lower than expected.
Figure 18 presents globe pattern obtained at dierent
wavelengths. The SuperK power was adjusted for dierent
wavelengths to maintain fairly uniform image brightness
on the CCD captures.
These results experimentally verify GPC’s robustness
to wavelength changes predicted by simulation data from
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Figure 18: Color CCD images of GPC projections from the same
setup, as the wavelength selector is varied from 500 – 650 nm.The
power at dierent wavelengths are adjusted individually for vis-
ibility. The input Gaussian beam size exhibits some wavelength
dependence (Figure based on results from [19]).
our previous theoretical analysis [18]. The eciency, gain
and energy savings measurements for dierent wave-
lengths were performed at 25 nm wavelength steps while
maintaining a small FWHM. Figure 19 shows the exper-
imental data obtained using a circular phase mask. The
error bars for the experimental data were obtained from
the dierence between several measurements at the same
wavelength (ve on average). These error bars allow room
for slight uctuations caused by the laser beam’s intensity
and beam size.
The intensity gain was maintained at the level of
~3x throughout the wavelength range. The same ~3x gain
level, seen at the red range, which are higher than what
simulations predict, canbe explainedby the slightly larger
beam diameter that causes a mismatch of the SRW. This
is also consistent with the lowered eciencies as the SRW
mismatch lessens the eect of destructive interference that
supposedly denes the dark background. The counter-
acting eects of gain and eciency, however, eectively
maintains a fairly high energy savings value which are
greater than 80%.
6 Summary and outlook
Wehave reviewed recent GPC developments by presenting
the following in this body of work: optimization of GPC for
Gaussian illumination; numerical verication and toler-
ance analysis; experimental verication; GPC’s use on illu-
minating spatial light modulators; GPC’s use on eciently
shaping supercontinuum lasers. Our analysis of GPC with
Gaussian beams simplies the design of phase mask and
PCF congurations that give optimal contrast and e-
ciency for a wide variety of user desired patterns. Numer-
ical experiments show that this optimized congurations
Figure 19:Wavelength dependence of the eciency, energy savings
and gain of a GPC light shaper illuminated with a Gaussian beam.
The GPC LS is designed for 532 nm and used a circular phase mask
(Figure adapted from [19]).
consistently give ~84% eciency, ~3x intensity gain and
~93% energy savings compared to the commonly imple-
mented hard truncated expanded Gaussian. Likewise, op-
tical experiments based on the proposed designs show
around ~80% eciency, ~3x intensity gain and ~90% en-
ergy savings. The experimental results also indicate ro-
bustness, as predicted by the numerical tolerance anal-
ysis. With such performance, the GPC LS has thus been
tested in practical application scenarios. We demonstrate
optimal illumination of a rectangular spatial light modu-
lator. This would allow better response in experiments or
increased parallel addressing for e.g. optical sorting, ma-
nipulation or opto-electronic switching and for direct laser
writing.
Finally, we extend GPC’s application to multi-
wavelength sources. We verify this new approach using
a supercontinuum light source, interfaced with a compact
GPC light shaper [15]. With some equipment limitations,
GPC light shaping shows ~70% eciency, ~3x intensity
gain, and ~85% energy savings throughout a wavelength
range of 500 to 750nm, limited, however, in good agree-
ment with theoretical and numerical predictions. Being
the only light shaping technique that can give ecient,
speckle-free, high contrast output with arbitrary shapes
(to the best of our knowledge), a GPC light shaper com-
bined with a supercontinuum source can be an important
enabling tool for biomedical applications. As a static light
shaper, GPC can increase the amount of photons directed
to rectangular CCDs, hence increasing the brightness and
contrast in multispectral imaging. Combined with dy-
namic SLM’s, GPC would bring enable multi-wavelength
excitation into biological applications such as neuropho-
tonics or optogenetics.
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The energy saved by using a GPC LS thereforemakes it
attractive for many applications wherein light is best uti-
lized in a particular shape, e.g. rectangles for SLM or dis-
play illumination, circles for laser materials processing or
even intricate biological patterns found in neurophoton-
ics research. Simple yet eective, a GPC LS could save sub-
stantial power in applications in many application that
otherwise truncate lasers that truncate lasers to a specic
shape.
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